There is growing interest in latitudinal effects on animal behaviour and life history. One recent focus is on birdsong, which is hypothesized to be more elaborated or complex in the north temperate zone compared with the tropics. Current evidence is mixed and based on cross-species comparisons, or single species with restricted distributions. We circumvent these limitations using a transcontinental sample of 358 songs from house wrens (Troglodytes aedon) at 281 locations spanning more than 1008 of latitude (528 N-558 S) across the Americas. We found a significant latitudinal gradient in several basic elements of song performance and complexity between north temperate and tropical populations. Furthermore, we document convergence in song patterns between populations at higher latitudes in the Northern and Southern Hemispheres. Effects were strongest for the number of elements in a song, and the rate of element production, both increasing towards the poles, with similar but weaker effects for other song dimensions (e.g. number of unique elements, trills and trill rate). We consider possible causes related to variable habitats and morphology, concluding that the shorter breeding seasons at higher latitudes in both hemispheres may favour greater song elaboration to mediate territory competition and mate choice.
Introduction
A longstanding issue in the study of birdsong concerns variation in song patterns between populations that can arise through a variety of social and ecological processes [1] . There is considerable recent interest in geographical variation at exceptionally broad geographical scales, such as might characterize birds inhabiting the north temperate zone versus the tropics, arising from very broad differences in ecology, life history and selection regimes in the two regions (reviewed in [2] ). For example, it has been proposed that the pressures of sexual selection on song might often be greater in seasonally variable environments [3] and for migratory populations [4] in the north temperate zone compared with sedentary birds in the tropics due to the relatively short breeding season in the former, which provides only a limited time window in which to compete for territories and find mates [5] . As a result, we might expect the development of more elaborate or complex song patterns in north temperate birds for efficient mediation of male competition for territories and for female choice of mates.
There is some support for this proposal (e.g. [3, 4, 6] ), but the relationships are far from definitive, and there are a variety of exceptions and confounding factors [7] [8] [9] . At the same, most broad-scale studies of song variation have involved comparisons across different species inhabiting either the temperate zone or the tropics. It is possible that focused studies of single species inhabiting both regions could shed additional light on our understanding of latitudinal differences in song structure and singing patterns. While the number of species with sufficiently & 2016 The Author(s) Published by the Royal Society. All rights reserved.
broad distributions to allow such testing are limited, there are some species that fit the bill, and the house wren (Troglodytes aedon) is one. House wrens have the widest, continuous latitudinal distribution of any native songbird in the Western Hemisphere [10] being distributed from central Alberta, Canada (588 N) to Tierra del Fuego (558 S). The species thus provides a unique opportunity to examine patterns of song variation at the transcontinental scale.
Here we use a sample of song from recordings of house wrens at 281 locations distributed across their entire range to test predictions about some basic elements of song performance and complexity stemming from the hypothesis that sexually selected pressures on song are magnified at higher latitudes. According to this hypothesis, we should find evidence of increased elaboration or complexity in the songs of populations at temperate latitudes compared with the tropics. We are particularly interested to test an additional (and to our knowledge largely untested) prediction arising from the hypothesis of latitudinal variation in sexual selection: that song patterns of populations at more extreme latitudes in the Southern Hemisphere might converge on those observed in the more commonly studied temperate regions of the Northern Hemisphere reflecting a convergence in the functional pressures of sexual selection associated with similarly short breeding seasons at higher latitudes in both hemispheres. Testing of this prediction is uniquely afforded by the exceptionally broad distribution of house wrens.
Material and methods (a) Study species
House wrens are a small songbird species distributed broadly across North, Central and South America, having the widest distribution of any native songbird in the Western Hemisphere [10] . There have been proposals to split the species [11] , but currently it is recognized as a single species [12, 13] with 31 subspecies [13] . The species reaches its northern limits in Central Alberta, Canada (588 N) and its southern limits in Tierra del Fuego (558 S). Across this range, there is considerable variation in ecology, behaviour and life history.
For example, populations in the north temperate zone, which are well studied in the United States, are migratory, show appreciable rates of polygyny and produce large clutches [14] [15] [16] . By contrast, populations in the tropics and the south temperate zone tend to be sedentary, socially monogamous and produce small clutches [17] [18] [19] [20] [21] . Hence, there is considerable scope for corresponding variation in sexual selection pressure and associated influences on song performance and complexity across this range [22] [23] [24] .
Populations of house wrens at higher latitudes in the Southern Hemisphere have not been studied systematically. So there is outstanding uncertainty concerning the migratory status, life history and mating system of these populations. Nevertheless, climate and geography at higher latitudes in the Southern Hemisphere yield seasonal environments convergent in many respects with those of the north temperate zone which may also contribute to convergent influences on song complexity.
(b) Song sample
To properly assess potential latitudinal variation in song patterns, we attempted to obtain a sample of songs spanning the entire latitudinal range of house wrens. To do so, we made use of the Xeno-Canto online database of bird songs (www.xeno-canto.org) as the primary source of song recordings, downloading all available recordings in the database for house wrens up to October 2014. A preliminary examination was undertaken of all recordings to first eliminate those of poor quality resulting from weak signal levels, high levels of background noise or interference from signals produced by other species. For most geographical locations in the resulting sample, there was only a single recording available, but most of these recordings contained more than one song. To further standardize the sample for analysis, we selected for analysis only a single song from each recording, and selected not more than two recordings (randomly chosen) from any sample location, presumably representing different males. For each recording, the song selected for subsequent analysis was selected based on overall quality, with the highest signal-to-noise ratio and relatively free of interference from other sound sources. Because the original recordings were sometimes made at different sampling frequencies, we resampled all songs at 20.5 kHz.
This sample of songs from the Xeno-Canto database was supplemented by our own recordings of house wren songs made between 2011 and 2014 at two long-term field sites, one in Southern Alberta, Canada [22] and the other in Mendoza Province, Argentina [24] , as well as from 16 additional locations sampled in Argentina and Chile (recorded by D.R.). To match the Xeno-Canto sample procedure, for each of these additional sample locations, we likewise used only one song from up to two recordings and involving two different males. For our own field recordings, we used digital recorders (Marantz PMD660, PMD670 or Sound Devices 702) and a Sennheiser microphone system (MKH 816).
The final sample available for analysis comprised a total of 358 songs, presumptively all different males, from 281 locations covering almost the entire range of the species from 528 N to 558 S (figure 1).
(c) Song organization and complexity
House wren song comprises two distinct sections. The opening section (labelled the introduction) is comparatively soft and is composed of relatively unstructured broadband notes that are either harsh (noisy) or tonal with multiple harmonic overtones, while the second section (labelled the terminal section) is much louder and composed of well-structured, tonal and frequencymodulated notes organized into discrete syllable types (figure 2). Both northern and southern house wrens have large but finite note and syllable repertoires, and they combine syllables in a non-random pattern to produce much larger repertoires of different song types [22, 24] .
One metric of complexity commonly used in the birdsong literature concerns the overall size of the repertoire of songs, syllables or notes. The utility of some of these metrics is subject to continuing debate and uncertainty [7] , and in any case, they could not be used in this study because the Xeno-Canto database contains too few recordings at any given location to allow credible assessments of repertoire sizes for any of them.
Past research has identified a number of other potential metrics of song performance or complexity similarly influenced by pressures of sexual selection [6,25 -28] . These include the duration of individual songs; the number of distinct elements (notes or syllables) they contain; the rate at which successive elements within songs are produced; the number of trills contained in songs; and the frequency range covered by trilled notes [2] . Following past work, we thus identified a set of parameters to measure from each song in our assembled database. Some were relevant to both the introduction section and the terminal section of songs, while others were relevant only to the louder terminal section. Measured song parameters were: (i) overall song duration and (ii) the duration of the introduction and (iii) terminal sections; the (iv) minimum and (v) maximum frequency of elements in the terminal section; (vi) the number of elements in the entire song and in (vii) the introduction and (viii) terminal sections; (ix) the number of unique elements in the terminal section; and (x) the number of trills (defined as the repetition of an element three or more times in succession). From these basic metrics, we developed a number of derivative measures including (xi) the element production rate across the entire song, and in (xii) the introduction and (xiii) terminal sections; (xiv) the trill production rate; (xv) the rate of production of unique elements; and (xvi) frequency bandwidth (max -min frequency). Spectrographic measurements were made using the software PRAAT v. 5.4 [29] .
(d) Statistical analysis
Our statistical analysis proceeded in two steps. First, to address the more conventional prediction that song performance or complexity is greater in (migratory) north temperate populations compared with those in the tropics [4, 30] , we conducted simple linear regressions of song metrics and latitude, limiting the sample to locations in the dataset north of the equator. Second, to address the additional specific prediction that metrics of song performance or complexity at higher latitudes in the Southern Hemisphere might converge on those in the north temperate region, we conducted both linear and quadratic regressions on the complete dataset encompassing locations at all latitudes. If this latter prediction is supported, we would expect to find patterns of latitudinal variation in song complexity better explained by quadratic than linear equations. Statistical analyses were conducted using SPSS (v. 23). Because our analyses involved multiple individual regression tests (n ¼ 48), we applied a Bonferroni correction to adjust the standard family-wide a-level of 0.05 for multiple comparisons (0.05/ 48). This yielded an adjusted a of 0.001 for evaluating the statistical significance of individual tests.
Results
Summary descriptive statistics for the entire song sample are presented in In our first set of regression analyses, limited to song variation among populations only in the Northern Hemisphere (i.e. 08 -528 N), there were significant positive relationships between song performance or complexity and latitude for most (12 of 16) of the measured variables (see table 1 for detailed statistics). For some, the relationships were clear and relatively strong (R 2 . 0.20). This was the case for the number of elements (figure 3) and the element production rate (figure 4) across the entire song, as well as in just the terminal section of songs (figure 5): songs contained more elements, delivered at faster rates in northern latitudes compared with the tropics. For other metrics, there were also significant positive relationships, but they were not as strong (R 2 , 0.20). This was the case for the number of elements and the element production rate in the introduction section of songs; the number of unique elements in the terminal section of songs and their rate of production; and the number of trills and the rate of trill production. In each of these cases, the number and rate of production was, once again, greater in northern latitudes compared with the tropics rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152765 but the differences were less dramatic. There were also significant but weak relationships for the minimum and maximum frequency of elements in the terminal section of songs, the frequency of both being higher at northern latitudes compared with the tropics. There was no significant effect of latitude on the overall duration of songs or the duration of either the introduction or terminal sections. Nor was there an effect of latitude on the frequency bandwidth of elements in the terminal section.
In the second set of analyses, encompassing the full range of latitudinal variation, the patterns were a bit different. Here, there were significant linear relationships for only a few metrics (6 of 16). These were the number of unique elements in the terminal section of songs; the rate of element production in the terminal section of songs; the duration of both the introduction and terminal sections of songs; and the maximum frequency and bandwidth of elements. In each case, however, the relationships were relatively weak (R 2 , 0.10).
By contrast, there were significant quadratic relationships for almost all song metrics (14 of 16). In fact, only two song metrics did not vary significantly with latitude in this analysis, namely the overall duration of songs and the minimum frequency of elements (table 1) . For all other metrics, there was a significant U-shaped effect of latitude on song patterns, with convergence observed between populations at higher latitudes in the two hemispheres, sometimes strongly so. For example, the overall number of elements (figure 3) and rate of element production (figure 4), as well as the rate of element production in the terminal section of songs (figure 5), varied strongly with latitude: songs contained more elements produced at faster rates in populations at the latitudinal extremes in both hemispheres compared with those occupying sub-tropical and tropical latitudes. Similarly U-shaped functions, with convergence in parameters in populations closer to the poles, were observed for all remaining song metrics, although the strengths of the relationships were generally weaker (table 1).
Discussion
Our results confirm transcontinental latitudinal variation in several basic metrics of song performance and complexity within a single species, the house wren. Most previous studies of latitudinal variation in song patterns have been based on comparisons between species occupying different latitudinal zones [6,26,31 -33] . Relatively few studies have focused on a single species, and in these cases, the species's distribution has tended to be fairly limited in extent, lying entirely within the north temperate zone, or being distributed from tropical to temperate zones, primarily in the Northern Hemisphere [4, [34] [35] [36] . Hence, ours is one of the first systematic reports of transcontinental variation in song characters for a single species, spanning more than 1008 of latitude and encompassing the temperate and tropical zones of both the Northern and Southern Hemispheres (cf. [23] ).
We found that several very basic characteristics of song showed continuous variation across both Northern and Southern Hemispheres. The strongest relationships were observed for the overall number of elements in the song and in the rate of element production. Both showed strong correlations with latitude, decreasing towards the equator and increasing towards the poles. Song length did not vary significantly with latitude but remained similar across the entire distributional range. Hence, male house wrens at higher latitudes in both hemispheres produced more song elements per song, not by extending song length but by singing at increased rates. Several other song characteristics, including the number of trills, trill production rate and the number of unique element types in the terminal section of songs, showed a similar pattern of increasing number or rate towards the poles. These patterns are broadly similar to those reported in another recent, continent-wide study of the house wren complex, confirming the phenomenon of latitudinal gradients in multiple components of song structure and organization across very broad geographical scales [23] . Collectively, these patterns indicate that the songs of tropical populations may be simpler in a number of very fundamental respects compared with those in north and south temperate populations, and that songs can become increasingly elaborated towards the poles in both hemispheres.
There are a number of hypotheses proposed to account for latitudinal effects on song complexity [35] . One predominant hypothesis is that metrics of song performance and complexity reflect variation in the intensity of sexual selection, including intra-sexual competition among males in the establishment and maintenance of breeding territories, and inter-sexual mate choice by females [4, 30] . These functional pressures on song are proposed to be exaggerated in migratory populations, or populations occupying strongly seasonal environments at higher latitudes, because of the annual requirement for territory establishment and mate selection and the necessarily shorter time windows available, which together place increased pressure on song to mediate both processes. rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152765
Our findings are consistent with this hypothesis in showing strong positive relationships between latitude and almost all song metrics for populations distributed from equatorial regions to higher latitudes in the Northern Hemisphere, as previously hypothesized and reported for some other species [3] [4] [5] [6] . Furthermore, we documented convergence in these patterns in the Southern Hemisphere. This latter finding is relatively novel in the animal signalling literature, but it is fully anticipated by the original hypothesis in as much as populations at higher latitudes in the Southern Hemisphere face strongly seasonal environments convergent in many respects (e.g. temperature, day length) with those in the Northern Hemisphere and hence might be expected to show similarly elaborated song patterns.
The role of migration, by itself, in accounting for song pattern convergence across the two hemispheres is unclear. Populations of house wrens in the north temperate zone are highly migratory, while populations in the tropics and subtropical zones of the Southern Hemisphere are sedentary [16, 19, 24] . However, the migratory status of house wren populations at more extreme southern latitudes (408 S-548 S) is unclear [16, 37] . There are some reports that birds in the extreme south may be resident year around [38, 39] . However, there are no systematic studies of the species in these regions to confirm such reports. At the same time, there are reports that house wrens in Patagonia and Tierra del Fuego are migratory (P. Llambías 2015, personal communication). Ultimately, it may prove difficult to separate the effects of migratory behaviour and shorter breeding seasons, as the two factors are often coincident. Nevertheless, more focused research on the migratory status of house wren populations at higher latitudes in South America might provide further insights.
One alternative hypothesis for latitudinal variation in song complexity concerns the effects that variable habitat characteristics have on the transmission of acoustic signals [40, 41] . Habitat effects can be quite complicated, making it difficult to develop clear predictions for a particular species. However, in general, forest habitats in the tropics have higher tree and foliage densities that impede signal propagation compared with many temperate forests at higher latitudes which can be comparatively open. Animals of many types have adapted signal patterns that minimize signal degradation to facilitate transmission in these broadly different habitat types [32, 42, 43] , and some of the latitudinal effects observed in our sample of house wren songs (e.g. songs containing fewer elements and produced at slower rates in tropical populations) might appear consistent with such habitat-based adaptations. However, house wrens do not generally occupy forest interiors but instead are specifically noted to avoid such locations and to show a very strong preference for more open and edge type habitats wherever they occur [16, 44] . Hence, despite representing an exceptionally wide geographical range, it is unlikely that the house wren populations studied would have occupied qualitatively different habitats of the sort required to generate the different song patterns observed for environmental reasons alone.
Another important alternative is that some of the observed patterns of song variation could be traceable to basic morphological differences across the Americas as other recent analyses have identified a similarly U-shaped latitudinal gradient in overall body and beak size in the house wren complex, with both characteristics being larger in the tropics and decreasing towards the poles [23] . Larger-bodied individuals with larger and more robust beaks might be expected to produce longer, lower-frequency songs due to size-related effects on lung volume, syrinx size and beak gape effects on the transfer function of the vocal tract [45] [46] [47] [48] . Beak size might also influence additional metrics of song performance and complexity such as trill rate and bandwidth given inherent motor constraints on the capacity for rapid modification of beak gape [49, 50] . The latter relationships, in particular, are consistent with our finding of faster trill rates in populations of house wrens with smaller bodies and beaks at temperate and higher latitudes in both hemispheres compared with the tropics. However, the expected effects of body and beak size variation are not consistent with the patterns observed for either song duration or minimum frequency, which were not either longer or lower among larger bodied tropical populations as would be predicted but rather were consistent across the entire latitudinal range.
At the same time, variation in body and beak size alone cannot account for the other latitudinal song patterns observed such as the number of elements, unique elements and trills that songs contained. Indeed, the effects of variable beak morphology on metrics of song performance and complexity are not yet fully understood with different studies yielding sometimes mixed results. For example, some studies have found clear effects of beak size on performance metrics such as trill rate and vocal deviation [48, 51] , whereas other studies have not [52, 53] . Further, in some cases, the reported effects run counter to the patterns observed here for house wrens. For example, among European reed buntings (Emberiza schoeniclus) [54] , populations with longer and more curved beaks are reported to produce songs with greater syllable diversity, while in house wrens, the larger-beaked tropical populations were characterized by reduced syllable diversity.
It may also be the case that the influence of variable beak morphology on song performance is more relevant for some species than others. For example, in species with large repertoires of syllables and songs, motor performance limits might not be equally tested by all syllable and song types [48] . In such cases, broad summary evaluations of performance and morphology may fail to identify relationships. Indeed, house wrens are a species noted for having extremely large song repertoires [22, 24, 55] , and recent tests of frequency-bandwidth : trill-rate performance trade-offs in songs of northern house wrens (T. aedon aedon) have failed to find clear correlations with standard metrics of male quality or breeding success [56, 57] .
Taken together, the patterns of latitudinal variation in song performance and complexity observed in house wren populations across the Americas align well with hypothesized pressures based on variable sexual selection [4, 5] . Nevertheless, other factors, such as those related to variable body size and beak morphology, are almost certainly at play, and they might serve either to reinforce or potentially to counter effects related to sexual selection pressures. At the same time, it is clear that we studied only a small number of the most basic elements of song structure and organization and that we lacked detailed information on many additional relevant social, ecological and life-history factors (e.g. migration status, absolute length of breeding season, population density) for the many populations sampled. Hence, future analyses incorporating an expanded set of song metrics [49, 58, 59 ] and a richer set of potential causal factors will surely help both to resolve the detailed patterns of latitudinal variation in song elaboration that exist for rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20152765 this and other broadly distributed species, and to clarify the specific selective processes shaping them.
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